Rationale: It has been reported that interleukin (IL)-1 is associated with pathological cardiac remodeling and LV dilatation, whereas IL-1␤ has also been shown to induce cardiomyocyte hypertrophy. Thus, the role of IL-1 in the heart remains to be determined. Objective: We studied the role of hypertrophy signal-mediated IL-1␤/insulin-like growth factor (IGF)-1 production in regulating the progression from compensative pressure-mediated hypertrophy to heart failure. Methods and Results: Pressure overload was performed by aortic banding in IL-1␤-deficient mice. Primarily cultured cardiac fibroblasts (CFs) and cardiac myocytes (CMs) were exposed to cyclic stretch. Heart weight, myocyte size, and left ventricular ejection fraction were significantly lower in IL-1␤-deficient mice (20%, 23% and 27%, respectively) than in the wild type 30 days after aortic banding, whereas interstitial fibrosis was markedly augmented. DNA microarray analysis revealed that IGF-1 mRNA level was markedly (Ϸ50%) decreased in the IL-1␤-deficient hypertrophied heart. Stretch of CFs, rather than CMs, abundantly induced the generation of IL-1␤ and IGF-1, whereas such IGF-1 induction was markedly decreased in IL-1␤-deficient CFs. IL-1␤ released by stretch is at a low level unable to induce IL-6 but sufficient to stimulate IGF-1 production. Promoter analysis showed that stretch-mediated IL-1␤ activates JAK/STAT to transcriptionally regulate the IGF-1 gene. IL-1␤ deficiency markedly increased c-Jun N-terminal kinase (JNK) and caspase-3 activities and enhanced myocyte apoptosis and fibrosis, whereas replacement of IGF-1 or JNK inhibitor restored them. Conclusions: We demonstrate for the first time that pressure-mediated hypertrophy and mechanical stretch generates a subinflammatory low level of IL-1␤, which constitutively causes IGF-1 production to maintain adaptable compensation hypertrophy and inhibit interstitial fibrosis.
C ardiac hypertrophy is defined by augmentation of the ventricular mass against hemodynamic loads and upregulates contractile capacity and reduces ventricular wall stress, 1 whereas the capacity of this compensation is limited, and stronger and longer pressure overload induces pathological cardiac remodeling with left ventricular (LV) dilatation. 1 Pathological cardiac remodeling is associated with production of the extracellular matrix and causes increased signals of myocyte apoptosis. 2 Receptor tyrosine kinase, such as insulin-like growth factor (IGF)-1 receptor is involved in not only physiolog-ical hypertrophy 3 but also compensated hypertrophy after pressure overload. 4 IGF-1 promotes myocardial hypertrophy by activating phosphatidylinositol 3-kinase (PI3K) and its downstream effector Akt. 5, 6 In addition, mitogenactivated protein kinase 7 acts as downstream molecules to promote hypertrophy.
Overexpression of G protein-coupled 7-transmembrane receptors in the heart induced cardiac remodeling, resulting in heart failure with increased propensity toward apoptosis and fibrosis. 8 Stress-activated mitogen-activated protein kinase, JNK (c-Jun N-terminal kinase), was reported to transmit this action and transgenic mice of JNK induced cardiac fibrosis and apoptosis. 9 JNK inhibited NFATc3 (nuclear translocation of the transcription factor), which is involved in myocardial hypertrophy, leading to impaired LV hypertrophy. 10 Thus, the balance between the IGF-1/Akt system and JNK activation seems to be important to determine the fate of pressureoverloaded heart, ie, compensated hypertrophy or pathological cardiac remodeling; however, the interaction between these pathways has not been fully clarified.
Numerous data demonstrated that a proinflammatory cytokine, interleukin (IL)-1, is associated with inhibition of IGF-1 production and IGF-1-mdiated protein synthesis. 11, 12 IL-1␤ has a negative inotropic effect on the heart 13 and produces extracellular matrix to promote pathological cardiac remodeling and LV dilatation. 14, 15 There are reports showing that IL-1␤ promotes myocyte hypertrophy 16, 17 and that cardiactargeted IL-1␣ overexpression mice exhibit concentric LV hypertrophy with preserved LV systolic function. 18 Thus, the role of IL-1␤ in the heart remains to be determined.
In this study, we found that compensated LV hypertrophy during pressure overload was attenuated in IL-1␤-deficient mice. Further analysis revealed that a low level of IL-1␤ is constitutively produced by mechanical stretch of cardiac fibroblasts (CFs), as well as cardiac myocytes (CMs). Unexpectedly, DNA microarray and gene promoter analysis showed that the stretch-mediated IL-1␤ release promotes IGF synthesis transcriptionally through the JAK2/STAT5 (Janus kinase 2/signal transducer and activator of transcription 5) pathway. IGF-1 inhibited stretch-induced JNK activation, myocyte apoptosis, or interstitial fibrosis and stimulated Akt-mediated signals, contributing to compensated LV hypertrophy in the initial phase after pressure overload.
Methods
Materials and Methods for animal models, transthoracic echocardiography, pathology, Western Blotting, cell culture, mechanical stretch, microarray analysis, RNA isolation and real-time polymerase chain reaction (PCR), Luciferase assay, small interfering RNA knockdown of IL-1␣, immunostaining, quantifications for IL-1␤ and IGF-1 protein, oxidative stress, apoptosis, and data analysis are described in the Online Data Supplement.
Results

IL-1␤ Maintains Pressure-Mediated LV Hypertrophy
LV hypertrophy was induced by aortic banding. The ratio of heart weight/body weight ratio (mg/g) and the myocyte size in a cross-sectional area were significantly smaller (20.2% and 23.3%, respectively, at day 30) in IL-1␤-deficient mice compared with the wild type (WT) ( Figure 1A ), whereas the ratio of lung weight/body weight was similar between WT and IL-1␤-deficient mice (6.8Ϯ0.3 versus 6.1Ϯ0.1 mg/g). Echocardiographic evaluation showed that the LV diastolic diameters in IL-1␤-deficient mice at day 30 and day 60 were significantly larger (19.5% and 25.1% versus WT, respectively) and percentage fractional shortening (%FS) was lower (17.4% and 26.5%) ( Figure 1B ), although these baseline parameters were similar between groups.
Posterior and anterior wall diameters at day 60 were Ϸ38% smaller in IL-1␤-deficient LV than the WT (posterior wall diameter: 0.8Ϯ0.04 versus 1.1Ϯ0.08 mm; anterior wall diameter: 0.8Ϯ0.06 versus 1.1Ϯ0.07 mm; each PϽ0.05), although there was no significant difference in the baseline (0.7Ϯ0.04 mm in both groups). The interstitial fibrosis in IL-1␤-deficient LV was markedly increased (3.1-fold at day 60) compared with the WT ( Figure 1C ). Atrial natriuretic peptide and ␤-myosin heavy chain mRNA levels were increased in hypertrophied hearts of WT (3.7-and 3.5-fold, respectively), whereas, in IL-1␤-deficient mice, mRNA levels were increased to a significantly less extent (38.2% and 32.2% versus WT) ( Figure 1D ).
Hypertrophy Stimulus Causes IGF-1 Production via IL-1␤ Release
To identify the molecules involved in IL-1␤-mediated cardiac hypertrophy, we analyzed the transcripts from LV samples 3 days after aortic banding using a DNA oligonucleotide microarray approach. Interestingly, we found that IGF-1 was one of the molecules in which the mRNA level was markedly (Ϸ38%) reduced in IL-1␤-deficient mice. Indeed, the baseline mRNA level of IGF-1 was 51% lower in IL-1␤-deficient LV. Pressure overload induced a 1.9-fold increase in IGF-1 mRNA in WT left ventricles (day 14 versus baseline), whereas, in IL-1␤-deficient mice, the increase was markedly attenuated (Figure 2A , left). Cardiac IGF-1 protein levels at day 0 (baseline), day 14 and day 60 after aortic banding were Ϸ60% lower in IL-1␤-deficient mice compared with the WT. When Histidine (His)-tagged IGF-1 (50 g/kg per day, once per day) was subcutaneously injected into IL-1␤-deficient mice after aortic banding, we found that His-IGF-1 levels increased to the plateau at day 14 and total (exogenous His-IGF-1 plus endogenous) IGF-1 amounts were elevated to the levels similar to the WT (Figure 2A , middle). Immunostaining revealed that IGF-1 protein is expressed in both myocytes and interstitial cells, the level of which appeared to be lower in IL-1␤-deficient mice ( Figure  2A , right). Phosphorylation levels of cardiac IGF-1 receptor were significantly lower (55% to 50% versus WT) in IL-1␤- deficient mice after aortic banding, and treatment with 50 g/kg per day of IGF-1 for 14 days normalized the decreased phosphorylation, whereas more than 250 g/kg per day of IGF-1 caused the superphosphorylation over the normal level ( Figure 2C ). We further studied whether exogenous IGF-1 reverses cardiac phenotype in IL-1␤deficient mice. Subcutaneous injection of IGF-1 (50 g/kg per day, once per day) for 14 days restored the phosphorylation level of cardiac IGF-1 receptor to the WT level, whereas more than 250 g/kg per day of IGF-1 caused the phosphorylation over the normal level, suggesting that 50 g/kg per day of IGF-1 is not an excess amount, and this infused amount likely induces a physiological response of IGF-1 receptor ( Figure 2C ). Daily injection of IGF-1 (50 g/kg per day) to IL-1␤ deficient mice without aortic banding for 60 days increased the heart/body weight ratio by 10% and myocyte area by 22% greater than the baseline (each PϽ0.05) ( Figure 1A ), whereas cardiac parameters did not significantly change ( Figure 1B) . In contrast, bandingϩIGF-1 treatment induced an even more effect at day 60 (20% increase in the heart/body weight ratio and 41% in myocyte area versus banding without IGF-1) ( Figure 1A ). Cardiac function in IL-1␤deficient mice with aortic banding was depressed at day 60 (18% decrease in %FS and 36% enlargement of LV dimension versus baseline) and IGF-1 treatment significantly improved the LV dysfunction (35% increase in %FS and 19% inhibition of LV dilatation) ( Figure 1B ).
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To study the involvement of IGF-1 in the hypertrophy process, we examined whether cyclic stretch (60 cycle/min at 12% extension) 19 can affect IGF-1 expression. As we found that stretch-mediated IGF-1 generation is much greater in CFs than CMs ( Figure 2D ), the primarily cultured CFs was used in the following stretch experiment. Stretch induced IGF-1 mRNA accumulation (4.1-fold versus baseline) and IGF-1 protein synthesis (3.6-fold) in WT CFs, and this increase in IGF-1 protein level was abolished by anti-IL-1␤ neutralization antibody, whereas in IL-1␤-deficient CFs, the stretch-mediated increase was markedly lower (49% versus WT CFs) ( Figure 2D ). Stretch caused a phosphorylation of Figure 1 . Impaired compensative LV hypertrophy in IL-1␤-deficient mice. Abdominal aorta of WT or IL-1␤-deficient mice (KO) was banded (day 0), and thereafter mice were subcutaneously injected with or without IGF-1 (50 g/kg per day, once per day for 14 days). A, Hearts were removed and the ratio of heart weight/body weight ratio (Hw/Bw) (mg/g) was evaluated. Paraffin-sectioned left ventricles were stained with hematoxylin/eosin (H-E), and cross-sectional areas of cardiomyocytes were evaluated. *PϽ0.05, **PϽ0.01 vs WT (nϭ15). B, Echocardiography. Dd indicates end-diastolic diameter; Ds, end-systolic diameter. %FS was calculated as described in the Online Data Supplement. *PϽ0.05, **PϽ0.01 vs WT (nϭ10). C, Paraffin-sectioned left ventricles were stained with Masson's trichrome to evaluate the fibrotic area (arrows). *PϽ0.01 vs WT (nϭ7). D, Total RNAs were extracted from left ventricles. Atrial natriuretic peptide (ANP), ␣-myosin heavy chain (␣MHC), ␣-myosin heavy chain (␤MHC), and GAPDH mRNA levels were evaluated by quantitative RT-PCR. *PϽ0.05, **PϽ0.01 vs baseline (day 0) (nϭ5).
IGF-1 receptor, the extent of which was significantly greater in WT CFs than IL-1␤-deficient CFs (Figure 2E ).
IL-1␤ Is Produced by Stretch to Stimulate IGF-1 Generation
We next studied whether IL-1␤ expression is actually induced by aortic banding or cyclic stretch. IL-1␤ mRNA was expressed in LV and the level was increased Ϸ2.0-fold after aortic banding, and immunohistochemistry revealed that IL-1␤ protein is detectable in both myocytes and interstitial cells ( Figure 3A ). Stretch also induced IL-1␤ mRNA accumulation in both CFs and CMs in parallel with percentage extension and duration of stretch, whereas the amount of IL-1␤ mRNA produced by CFs was 2.2-fold higher than CMs ( Figure 3B ). The significant induction of IL-1␤ mRNA was observed 3 hours after stretch and the level reached to a peak around 6 hours ( Figure 3B , right).
We also measured the concentration of IL-1␤ released by stretch and found that a substantial amount of IL-1␤ (Ϸ1.2 ng/mL) was detected in the condition medium derived from 24-hour stretched CFs, the level of which was much lower than that in the condition medium (Ϸ5.1 ng/mL) from a sepsis-associated inflammatory cytokine tumor necrosis factor (TNF)␣-treated (1 ng/mL, 24-hour exposure) CFs ( Figure  3C ). Because plasma TNF␣ was shown to increase to Ϸ1 ng/mL in patients with sepsis, 20 we examined the effects of 1 and 10 ng/mL TNF␣ in this experiment ( Figure 3C ). We found that incubation medium containing IL-1␤ released by stretch barely induced an inflammatory cytokine IL-6 expression from CFs, whereas the condition medium from TNF␣treated (1 ng/mL) CFs abundantly stimulated IL-6 synthesis and this action was abolished by neutralization with anti-IL-1␤ antibody ( Figure 3D ).
We further studied whether IL-1␤ actually stimulates IGF-1. IGF-1 synthesis in WT CFs and WT CMs was maximally induced by 10 ng/mL IL-1␤, but downregulated with 20 ng/mL IL-1␤, suggesting that CFs and CMs were , Frozen sections were immunostained with anti-IGF-1 antibody and counterstained with hematoxylin/eosin. IGF-1-positive interstitial cells (arrows) or cardiomyocytes (arrowheads) are indicated. B and C, LV lysates from mice treated with or without daily injection of IGF-1 were immunoblotted with antibodies for IGF-1 receptor (IGF-1-R) and Tyr1135/1136-phoshorylated IGF-1 receptor. *PϽ0.05, **PϽ0.01 vs WT left ventricles (nϭ5, each) (B); *PϽ0.05, **PϽ0.01 vs baseline (nϭ5, each) (C). D, CFs, CMs, or endothelial cells (EC) were exposed to cyclic stretch (60 cycle/min) for 24 hours by 12% extension with or without neutralizing anti-IL-1␤ antibody (1 g/mL). Total RNAs were subjected to real-time PCR to quantify IL-1␤ mRNA. Also, IGF-1 protein in incubation medium was analyzed by ELISA. *PϽ0.05, **PϽ0.01 vs baseline in each genotype (nϭ5, each). E, Cell lysates were analyzed by Western blotting with antibodies against IGF-1 receptor or Tyr1135/1136-phoshorylated IGF-1 receptor. *PϽ0.05 vs baseline in each genotype.
responsive to IL-1␤ in a similar dose-responsive manner ( Figure 3E ). IL-1␤-mediated (10 ng/mL) induction of IGF-1 mRNA was much greater (Ͼ2-fold) in WT CFs compared with WT CMs and no induction was observed in endothelial cells ( Figure 3E ). IL-1␤ (10 ng/mL) stimulated the release of IGF-1 protein with a peak at 6-hour exposure and thereafter decreased, whereas stretch-mediated IGF-1 protein release was sustained over 72 hours ( Figure 3F ). CFs produced Ϸ1.2 ng/mL IL-1␤ under stretch ( Figure 3C ), whereas nonstretched CFs did not respond to 1 ng/mL IL-1␤ and required Ͼ5 ng/mL IL-1␤ to induce a significant increase in IGF-1 mRNA ( Figure 3E ), suggesting that there is a differential sensitivity to IL-1␤ between stretched and nonstretched CFs and mechanical stretch elevates the sensitivity to IL-1␤. We therefore stimulated the nonstretched CFs with 10 ng/mL IL-1␤ in the following experiments.
We also examined an involvement of IL-1␣ in IL-1␤ deficiency. After 24-hour stretch of IL-1␤-deficient CFs, IL-1␣ mRNA levels were increased 1.8-fold compared with WT CFs (Figure 3G ). Knockdown of IL-1␣ by small interfering RNA in IL-1␤deficient CFs completely abolished the stretch-induced increase in IGF-1 mRNA ( Figure 3G ), indicating that IL-1␣ partially compensates for IGF-1 induction in IL-1␤ deficiency.
Reactive Oxygen Species Is Needed for Stretch-Mediated IL-1␤ Induction
Reactive oxygen species (ROS) has been shown to be involved in stretch-mediated cytokine induction in the heart. 21 Intracellular ROS levels evaluated by the production of 2Ј,7Ј-dichlorofluorescein (DCF) were markedly increased (4.2-fold versus nonstretched baseline) after 24-hour stretch Frozen-sectioned samples were immunostained by anti-IL-1␤ antibody. B, CFs and CMs were exposed to cyclic stretch (0% to 12% extension, 60 cycles/min) for indicated time. Total RNA was subjected to real-time PCR to quantify IL-1␤ mRNA. C, CFs were cyclically stretched (60 cycles/min, 12% extension) or stimulated with TNF␣ (1 ng/mL or 10 ng/mL) for 24 hours. IL-1␤ protein in incubation medium was analyzed by ELISA. D, CFs were incubated for 24 hours with condition medium derived from the CFs pretreated with cyclic stretch for 24 hours or with TNF␣ (1 ng/mL) for 24 hours. Total RNA was extracted and subjected to real-time PCR to quantify IL-6 mRNA. E, CFs, CMs, or endothelial cells (EC) were stimulated with IL-1␤ (0 to 100 ng/mL) or cyclic stretch for 6 hours. Total RNAs or supernatants were analyzed by real-time PCR or ELISA to quantify IGF-1 mRNA or IGF-1 protein levels. F, CFs were stimulated with IL-1␤ (10 ng/mL) or cyclic stretch for the indicated time. IGF-1 protein in incubation medium was analyzed by ELISA. *PϽ0.05, **PϽ0.01, ***PϽ0.005 (vs baseline, nϭ4 each) (A through F). G, CFs were exposed to cyclic stretch for 24 hours with or without small interfering RNA (siRNA) for IL-1␣ or nonsilencing RNA (50 nmol/L in final concentration). Total RNA were analyzed by real-time PCR for quantification of IL-1␣ or IGF-1 mRNA. *PϽ0.05, **PϽ0.01 vs baseline.
of WT CFs (Figure 4A, left) . A low dose of diethyldithiocarbamate (1 mol/L), which increases the intracellular ROS level by inhibiting Cu/Zn-superoxide dismutase, 22 augmented stretch-mediated IL-1␤ mRNA levels (2.0-fold versus control), whereas 1 to Ϸ100 mol/L diethyldithiocarbamate without stretch did not affect these levels and scavenging ROS by Tempol (1 mmol/L) markedly reduced stretchmediated IL-1␤ mRNA accumulation (58% versus control) ( Figure 4B, right) . These findings indicate that intracellular ROS is closely involved in stretch-mediated IL-1␤ production.
IL-1␤ Induces IGF-1 Through JAK2/STAT5 Pathway
IGF-1 release by growth hormone is reportedly activated by the JAK2/STAT5 pathway. 23 Stimulation of WT CFs with IL-1␤ significantly induced the phosphorylation of JAK2 and STAT5 by 2.1-and 2.3-fold, respectively, and JAK inhibitor (AG490, 100 mol/L) abolished the phosphorylation of STAT5 ( Figure 4C ). We also found that the stretch-mediated induction of IL-1␤ and IGF-1 was abolished by pretreatment of Tempol and AG490 (data not shown), suggesting that the induction of IL-1␤/IGF-1 by mechanical stretch is regulated with the same signaling between CFs and CMs.
Transcription of IGF-I is positively regulated by the 5Ј noncoding region flanking IGF-1 exon 1, 24 and STAT5binding sites are identified in this region. 25 To study the role of STAT5 in IL-1-mediated IGF-1 transcription, a luciferase reporter gene construct containing mouse IGF-1-gene promoter and exon-1 (Ϫ1711 to ϩ329) was introduced to WT CFs with or without STAT5 decoy or scramble oligonucleotides. Stimulation of WT CFs with IL-1␤ for 6 hours induced A, WT CFs were cyclically stretched for 24 hours, and intracellular ROS level was evaluated as the production of 2Ј,7Ј-dichlorofluorescein (DCF). *PϽ0.01 vs 24-hour stretched WT (set as 100%) (nϭ4, each). B, WT CFs were exposed to cyclic stretch for 24 hours with or without diethyldithiocarbamate (DDC) or Tempol (1 mmol/L). *PϽ0.05, **PϽ0.01 vs baseline (nϭ4 each). C, WT CFs were stimulated with IL-1␤ (10 ng/mL) for 30 minutes with or without JAK inhibitor (AG490, 10 mol/L). Cell lysates were subjected to Western blotting. *PϽ0.05, **PϽ0.01 vs baseline (nϭ4 each). D, Luciferase reporter gene construct containing mouse IGF-1 gene promoter and exon 1 (Ϫ1711 to ϩ329) was transfected into WT CFs with or without STAT5 decoy or scramble oligonucleotide (1 g/mL final concentration) or inhibitors of JAK or JNK. At 24 hours after transfection, cells were stimulated with IL-1␤ (10 ng/mL) for 6 hours and luciferase activity was measured. *PϽ0.01, **PϽ0.005 vs baseline (nϭ4 each). E, CFs were exposed to cyclic stretch (60 cycles/min, 12%) with or without anti-IL-1␤ neutralizing antibody (1 g/mL). Cell lysates were subjected to Western blotting using antibodies against Tyr1007/1008-phosphorylated JAK2, JAK2, Tyr694-phosphorylated STAT5, or STAT5. *PϽ0.05, **PϽ0.01 vs WT CFs (nϭ4 each). †PϽ0.05, † †PϽ0.01 vs WT CFs at baseline (nϭ4 each). transcriptional activity (3.2-fold versus baseline), whereas JAK inhibitor and STAT5 decoy abolished this IL-1␤mediated action ( Figure 4D ).
Furthermore, stretch-induced phosphorylations of JAK2 and STAT5 was severely inhibited in IL-1␤-deficient CFs (JAK2, 51.2%; STAT5, 59.3% reduction versus WT CFs at 6-hour stretch) or the addition of neutralizing anti-IL-1␤ antibody (JAK2, 49.7%; STAT5, 52.4% reduction) ( Figure 4E ).
IL-1␣ Receptor Signaling Augments IGF-1 Synthesis and LV Hypertrophy
We further studied the hypertrophy-mediated IGF-1 expression using CM-specific IL-1␣ overexpression transgenic mice). Although cardiac size and function in IL-1␣ transgenic mice at baseline did not differ from the WT, the heart/body weight ratio and myocyte area were more increased (PϽ0.05 versus WT) 60 days after aortic banding. %FS was 18% better (PϽ0.05 versus WT), and LV dilatation was reduced 14% (Online Figure I, A and B) . IGF-1 mRNA levels in LV were significantly increased at the baseline and after aortic banding (2.2-fold at day 7) (Online Figure I, C) , and Tyr1135/ 1136 phosphorylation levels of IGF-1 receptor were also elevated (2.3-fold) (Online Figure I, D) . Considering that IL-1␣ binds to the receptor in common with IL-1␤, these findings suggest that hypertrophy stimuli and IL-1 signals are sufficient to induce IGF-1 expression.
IL-1␤ Deficiency Activates JNK
JNK is closely involved in the development of myocyte apoptosis and cardiac fibrosis. 9 Basal JNK activities were markedly increased in IL-1␤-deficient LV and further stimulated after aortic banding, which was markedly inhibited by addition of IGF-1 or Tempol ( Figure 5A ). JNK activities in CFs increased to the peak level 1 hour after stretch and, thereafter, decreased to the baseline, whereas the level was higher and sustained for 6 hours in IL-1␤-deficient CFs, and this induction was abolished by addition of IGF-1 and IL-1␤ or Tempol ( Figure 5B ). Consistent with these findings, subcutaneous injection of JNK inhibitor (SP600125, 30 mg/kg per day) to IL-1␤-deficient mice after aortic banding showed that JNK inhibitor restored cardiac dysfunction, such as LV dilatation and decreased %FS, to the WT levels at day 60 ( Figure 1B) , accompanied by normalization of heart/body weight ratio and myocyte area ( Figure 1A ).
IL-1␤-Mediated IGF-1 Generation and Cardiac Akt and ERK Activities
IGF-1 is known to promote LV hypertrophy through the extracellular signal-regulated kinase (ERK) or PI3K/Akt-1 pathway. 7 CFs is a main source for IL-1␤-mediated IGF-1 generation, which has an effect on CMs in a paracrine fashion. Therefore, we next examined the effect of IGF-1 on the Akt/Erk pathway using the CMs. Phosphorylation levels of Akt and ERK after aortic banding and stretch stimulus were markedly decreased in IL-1␤-deficient LV (59% and 79% at day 14, respectively) and IL-1␤-deficient CMs (62% and 65% at 6 hours of stretch, respectively), whereas addition of IGF-1 normalized the decrease (Online Figure II, A and B) . Treatment of WT CMs with anti-IL-1␤ antibody significantly diminished the phosphorylation levels of ERK and Akt-1 (48% and 53%, respectively) (Online Figure II, B) . Thus, cardiac Akt and ERK activities in response to hypertrophy stimulus are attenuated in IL-1␤-deficient mice, in which the lack of IGF-1 attributable to IL-1␤ deficiency is closely involved.
IL-1␤ Deficiency Causes JNK-Mediated Myocyte Apoptosis and Fibrosis
Inhibition of PI3K/Akt-1 and activation of JNK in the heart induces myocyte apoptosis 8 and fibrosis. 6 The number of TUNEL-positive cells in IL-1␤-deficient LV was 3.1-fold greater (versus WT left ventricles) 14 days after aortic banding, and the subcutaneous administration of IGF-1 or JNK inhibitor (SP600125) normalized them ( Figure 6A ). JNK activates the mitochondrial apoptosis pathway through the caspase cascade. 7 Total and cleaved caspase-3 levels in IL-1␤-deficient LV were markedly increased 7.2-fold and 2.7-fold 14 days after aortic banding, respectively, and the increase was abolished by administration of IGF-1 ( Figure 6B ).
Discussion
The present study demonstrates that pressure-mediated hypertrophy and mechanical stretch induce a low level of IL-1␤ generation from both CFs and CMs to efficiently stimulate the synthesis and release of IGF-1 in an autocrine and/or paracrine fashion, leading to Akt-mediated compensative hypertrophic response of myocytes, as well as antiapoptotic and antifibrosis effects. Furthermore, we found that stretchmediated ROS generation stimulated IL-1␤ generation and that IL-1␤-mediated JAK/STAT activation transcriptionally induced IGF-I gene expression. Simultaneously, stretch stimulus markedly activated JNK, and IGF-1 generated by stretch negatively regulated JNK signals, resulting in the prevention of myocyte apoptosis and interstitial fibrosis, suggesting that the balance between hypertrophy stimulus-induced IL-1␤/ IGF-1 and subsequent JNK activation plays a key role to regulate the progression from adaptable compensation hypertrophy to heart failure (Figure 7) . IL-1␤ generated by sepsis or tissue inflammation has been reported to inhibit IGF-1 production. 11, 12 What is the mechanism regulating the dual effect of IL-1␤ on IGF-1 generation? In this study, a physiological range of IL-1␤ generated by hypertrophic stimulus that caused IGF-1 synthesis was defined to be a low level of IL-1␤ (Ϸ1 ng/mL), and a much higher level (over 10 fold) of IL-1␤, such as generated by tissue inflammation, 26 that negatively regulated IGF-1 synthesis ( Figure 3E ) was defined to be a high level of IL-1. This low level of IL-1␤ was unable to induce proinflammatory cytokine IL-6 ( Figure 3C and 3D) , the amount of which can actively stimulate IGF-1 production sufficient to promote myocyte hypertrophy during pressure overload, as well as negatively regulate JNK activation. The study using STAT5 knockout mice indicated that STAT5 was required for both basal and growth hormone-induced expression of hepatic IGF-1. 27 We found that JAK2/STAT5 system is involved in IL-1␤-mediated IGF-1 induction (Figure 4) , whereas the higher level of IL-1␤ induced by endotoxin in sepsis was reported to rather inhibit STAT5-mediated IGF-1 production Figure 6 . IL-1␤/IGF-1 deficiency increases apoptosis. A, Left ventricles were removed 7 or 14 days after banding the aorta with or without administration of IGF-1 (50 g/kg per day for 14 days) or JNK inhibitor (SP600125 [Calbiochem]; 10 g/kg IP once per day for 14 days). Frozen-sectioned left ventricles were stained with TUNEL and counterstained with hematoxylin/eosin. Apoptotic cells were evaluated as TUNEL-positive cells. Arrows and broken arrows indicated apoptotic and nonapoptotic CMs, respectively, and arrowheads indicate apoptotic interstitial cells. *PϽ0.05, **PϽ0.01 vs WT (nϭ10 each). B, WT CMs were exposed to cyclic stretch with or without IGF-1 (50 ng/mL) for 24 hours. Total LV or cellular lysates were analyzed by Western blotting; relative values of cleaved caspase-3 to ␣-tubulin densities are shown (WT values at day 14 set as 1, nϭ5 each). *PϽ0.05 vs WT (nϭ5 each). through the activation of JNK. 28 The present study demonstrates that an appropriate level of ROS generation also plays an important role for stretch-mediated IL-1␤ production ( Figure 4B ). IL-1␤ deficiency causes a decrease in IGF-1 synthesis, leading to reduction in pressure-induced LV hypertrophy associated with myocyte apoptosis and interstitial fibrosis ( Figure 1 ) and JNK hyperactivity ( Figure 5 ), whereas JNK inhibition restored cardiac function by decreasing cardiac apoptosis and fibrosis ( Figure 6 ). Thus, JNK hyperactivity is closely involved in cardiac phenotype of IL-1␤deficient mice. The magnitude and duration of JNK activity are determined by the balance between activating kinases and inhibitory phosphatases for JNK. Catalytic cysteine of phosphatase is sensitive to oxidation. JNK phosphatase oxidation by ROS converts the catalytic cysteine to sulfenic acid and inhibits its activity, leading to sustained JNK activation. 29 We here showed that pulsating stretch induced ROS ( Figure 4A ), and ROS scavenger inhibits JNK activation ( Figure 5 ), suggesting that ROS activates JNK in the heart. Considering that cardiac IGF-1 levels in IL-1␤deficient mice are Ͼ40% lower at baseline and after aortic banding than the WT ( Figure 5 ), it is possible that IGF-1 prevents JNK hyperactivation under normal condition, as well as pressure-overload.
Which comes first to determine the cardiac phenotype in IL-1␤deficient mice, stimulation of JNK or downregulation of IL-1␤ ? We examined how JNK is affected after IGF-1 treatment. The result showed that exogenous IGF-1 normalized cardiac JNK hyperactivation in IL-1␤-deficient mice ( Figure 5 ). It was reported that IGF-1 receptor/Akt signaling inhibits JNK pathway. 30 Thus, it is considered that the downregulation of IL-1␤/IGF-1 system is the upstream and subsequent hyperactivation of JNK is involved in the cardiac phenotype in IL-1␤-deficient mice.
Calcineurin-dependent transcription factor, NFATc, promotes cardiac hypertrophy, and phosphorylation of NFATc by JNK inhibits its nuclear translocation and cardiac growth. 10 We found that stretch induced nuclear translocation of NFATc4, which was attenuated in IL-1␤-deficient mice and JNK inhibition restored nuclear translocation of NFATc4 ( Figure 6D ), suggesting that JNK hyperactivation is closely involved in inhibition of pressure-overloaded hypertrophy in IL-1␤-deficient mice.
The mechanism of striking increase of total caspase-3 has not been fully clarified in this study. Receptor tyrosine kinase, such as IGF-1 receptor, and its downstream Akt downregulates X-linked inhibitor of apoptosis protein (X-IAP), a ubiquitin-protein ligase, which promotes proteasomal degradation of caspase-3 31, 32 Indeed, IGF-I attenuates caspase-3 activation and inhibits myocyte apoptosis, 33 suggesting that inhibition of IGF-1 receptor/Akt signaling in IL-1␤-deficient mice leads to a decrease in degradation of caspase-3 followed by striking accumulation.
In conclusion, mechanical stretch constitutively induces a low level of IL-1␤ in the heart. This level of IL-1␤ is sufficient to induce IGF-1 production that negatively regulates JNK signals, affecting the progression of myocyte hypertrophy and subsequent transition from the compensated state to heart failure. The counterbalance of hypertrophy-induced IL-1/IGF-1 activation and the JNK pathway determines the fate of the pressure-overloaded heart: compensative hypertrophy or heart failure.
